The basal adenylate cyclase activities, per g wet wt, of homogenates of adult skeletal muscle (4 + 0.4 S.E. nmoles/lO minag wet wt-') were lower than those values in 150-and 80-day fetal muscle (18 k 1.2 qnd 23 f 1.6 S.E. nmoles/lO min-g wet wt-I). This difference in enzyme activity relative to growth was also apparent in the 100,000 x g particulate fractions of adult muscle (2.5 k 0.2 S.E. nmol/lO min-g wet wt-') compared to the 150-and 80-day fetal muscle (12 + 1.5 and 14 + 1.9 S.E. nmoles/lO minog wet wt-' ). The fluoride-stimulated adenylate cyclase activities of the homogenates and particulates and the increases in enzyme activity with fluoride were also at least four-fold greater in 80-and lSO-day fetal than in adult muscle. When basal adenylate cyclase activities of homogenates were compared on the basis of the nitrogen content of the fraction analyzed rather than on the and dinkkentiate, they must perform synthetic processes a t a rapid 'I rate, ad synthetic processes are expensive in terms of energy.
'I rate, ad synthetic processes are expensive in terms of energy.
Therefor , it is not surprising that a number of fetal enzymes are more ac ive than are those of the adult. In addition, a greater sensitiviLti of fetal enzymes to effector molecules may further magnify the activity of these enzymes. It would be of interest to measur /the cyclic nucleotide-dependent protein kinase activities in fetal i Ad adult rhesus muscle. Recent evidence suggests possible differences in the functions of types I and 11 CAMP-dependent protein kinases in relation t o cellular growth and differentiation. Studies hf these kinases in rhesus fetal muscle during the predominantly bro~iferative phase (earlier than 8 5 days gestation) and during the period when differentiation is predominant (85 to 110 days) should be of value in studying the biologic significance of these kinases.
wet weight of the original samples, the differences in enzyme activities of the adult compared to the fetal series were even greater because of the lower nitrogen content of fetal muscle (1.8 + 0.2 S.E. nmoles/lO min-10 mg N-' for the adult series and 10.2 2 0.7 and 22.2 +-1.2 S.E. nmoles/lO mine10 mg N-' for the 150-and 80-day series). The difference in activity with age was again apparent in the 100.000 x g particulate fractions (1.9 f 0.2 S.E. nmoles/lO minog wet wt-' for the adult series and 9.8 + 0.9 S.E. and 24 f 2.2 nmoles/lO min-g wet wt-' for the 150-and 80-day series). Because the nitrogen content of the 80-day fetal muscle was less than that of the 1-Wday series, the adenylate cyclase activities per mg N were highest in the younger fetal series. In the presence of guanylylirnidodiphosphate the percent increase in adenylate cyclase activity was two to three times greater in the fetal particulate preparations than in the adult and was concentration-dependent in both series.
The basal guanylate cyclase activities for both the 100,000 x g supernatant and particulate fractions were higher in 80-day fetal than in adult muscle; two-to three-fold higher in terms of wet wt and over six-fold higher in terms of nitrogen. Both the absolute and percentage increases in activity of the fetal particulate enzyme with Triton were at least twice those of the adult. Triton had no effect on the enzyme activity of the 100,000 x g supernatant fraction of either series. The concentration of cyclic adenosine 3' : 5'-monophosphate was 8 to 10 times higher in rapidly growing than in adult muscle, and the concentration of cyclic guanosine 5' -monophosphate was 26 to 62 times greater.
Speculation
There is a striking difference in the degree of maturation a t birth of skeletal muscle in different species of animals. Skeletalmuscle from the rhesus fetus is particularly suitable for study if one is interested in human fetal muscle metabolism because the maturation rate of this tissue (on the basis of percent of gestation) is similar in the two species. Because fetal tissues must proliferate
The ditogeny of the enzymes that synthesize and degrade cAMP add cGMP in mammalian tissues has recently received c o n s i d e r h e attention. Evidence obtained in the past few years the hypothesis that 3'5'-monophosphate (CAMP) was invekkely related to cell proliferation (3 I). In myoblasts, Zalin ague (43) have suggested a causal relationship between in adenylate cyclase activity, the peak in intracellular cAMP ld$els, and the onset of cell fusion; Moriyama el al. (26) cAMP and cGMP in the both cAMP and cyclic (cGMP) in the regulation of prochanges id cAMP levels and adenylate cyclase activities associated with dev'klopment in vivo have been reported for several tissues. including :skeletal muscle and heart (18, 25, 29, 40) . cAMP levels are usuallk lower in perinatal skeletal muscle of rats than in adult muscle. T~k a h a s h i er al. (37) reported a sharp rise in the cAMP level of ridt muscle shortly after birth and a subsequent decrease. The cGMP was highest in neonatal muscle and fell progressively until it reached adult levels. The low level of cAMP in fetal rat muscle sukgests a minimal response of adenylate cyclase to stimulation, and there is evidence that the expression of adenylate cyclase hbbmone sensitivity occurs at a later stage of development than doe$ the expression of catalytic activity (32, 33, 35) .
In the periments reported here, we compared the basal adenylate cyc se activities of homogenates and 100,000 x g supernatant and k rticulate fractions of rhesus skeletal muscle from adults and 150-dnd 80-day fetuses. The sensitivity of these preparations to fluorid a , GTP, and GMP-P(NH)P (guanylylimidodiphosphate) early in fetal life (day 80) was also investigated. The basal and Triton-stimulated activities of guanylate cyclase of fetal and adult rhesus muscle were also studied in homogenates and subcellular fractions. Previous work in our laboratory had shown that CAMPphosphodiesterase (CAMP-PDE) and cGMP-phosphodiesterase (cGMP-PDE) activities were higher in fetal than in adult rhesus skeletal muscle (5).
MATERIALS A N D METHODS
Rhesus fetuses (Macaca rnulatta) at 80-to 150-days gestational age and adult rhesus monkeys were used. The average gestational period in out colony is 165 days. The mothers were anesthetized with dl-2-(o-chlorophenyl)-2-(methylamino)cyclohexanone hydrochloride (Ketaject: 10 mg/kg) intramuscularly; the fetuses were given I mg of Ketaject via the umbilical vein. Fetal muscle (arm) samples for determination of cyclic nucleotide levels were obtained in surgery before the cord was cut and were immediately frozen (5 to 10 sec) with a Wollenberger clamp at liquid nitrogen temperature. The fetus was then delivered, and samples of the skeletal muscle (legs) plus the heart and diaphragm were cut into small pieces and freeze-clamped (5 to I0 min). Samples of adult sartorius muscle were freeze-clamped in situ, or the entire muscle was dissected free, and small samples were freeze-clamped within 5 to 10 min of excision. These 5-to 10-min biopsies were used for enzyme assays because there was no difference in the enzyme activity in siru and at 10 min, or in fresh compared to frozen muscle.
PREPARATION OF CELLULAR FRACTIONS
The frozen samples were weighed and ground in a mortar and pestle cooled to liquid nitrogen temperature. The pulverized tissue (8 to 10% W/V) was homogenized in 0.25 M sucrose-I0 mM tris(hydroxymethyl)aminomethane (Tris) at 4°C in a Polytron ST-20 for 10 sec at three-fourths the maximum setting. For the adenylate cyclase assay, the whole homogenate was spun at 100,000 x g for 10 min, the pellet was washed with homogenizing medium and respun. and the supernatants were combined. All centrifugations were done at 4°C. The whole homogenate was analyzed. as were the cellular fractions; there was no adenylate cyclase activity in the 100,000 x g supernatant. For analysis of guanylate cyclase activity, the whole homogenate and the subcellular fractions were prepared as previously described (5), and the percent of total activity present in each fraction was determined ( 10,000 x g particulate and 100,000 x g particulate and supernatant). Otherwise. the whole homogenate was spun at 100,000 x g, and the supernatant and pellet were analyzed. The fractions were analyzed immediately or were quick-frozen in liquid nitrogen and stored at -200°C for future analysis. The adenylate cyclase fractions maintained their activity for 2 days at -200°C; the guanylate cyclase was maintained for at least 6 months. No attempt was made to further purify the fractions before assay because this procedure usually results in large variable losses in the total activity recovered concomitant with the increase in specific activity per mg protein in the fraction analyzed.
ADENYLATE A N D GUANYLATE CYCLASE
We determined the adenylate cyclase activity (4) by a modification of the method of Wincek and Sweat (41) that measures the formation of ['"PICAMP from [~-' ' ' ] A T P . The guanylate cyclase activity in tissue extracts was determined by a modification of the method of Nesbitt et al. (4, 28), except that the substrate level of G T P was 0.5 mM. Linearity of the reactions with time and protein concentration was established. The loss of product due to CAMP-PDE activity was less than 2% and that due to cGMP-PDE less than 1%; both losses were ignored.
After centrifugation, trichloroacetic acid supernatant was passed through an alumina oxide and a Dowex column (200 to 400 mesh C 1 form) (23). and the CAMP and cGMP concentrations were determined by radioimmunoassay (New England Nuclear kits).
TOTAL NITROGEN
The nitrogen contents of the tissues and subcellular fractions were determined on a Kjeldahl digest with a Technicon autoanalyzer.
STATISTICAL ANALYSIS
Estimates of significant differences between groups were made with the r test for comparison of two independent means. Differences in means were not considered significant unless the P values were < 0.05 (I). K, and V,,, values were determined by the method of linear regression (least squares). With this calculation, our program also gave us a value for correlation coefficients so we were able to estimate the accuracy of our data. Because all our K, and V,,, calculations had a correlation coefficient of greater than 0.896. our data can be considered very reliable ( P < 0.01; n = 10).
RESULTS

ADENYLATE CYCLASE ACTIVITY
The basal and fluoride-stimulated (8 mM) adenylate cyclase activities (per gram wet wt or per gram nitrogen) of fetal skeletal muscle homogenates as well as the increase in activity with fluoride were at least four-fold greater in both 80-and 150-day fetal muscle than in adult muscle (Table I ). The higher values for adenylate cyclase activity in fetal muscle agree with data from previous work in our laboratory which showed that the increase in [I4C]cAMP production from labeled ATP in the presence of epinephrine is greater with fetal than with adult muscle fiber groups (in vitro) (6) . When the homogenate was separated into 100,000 x g supernatant and particulate fractions. no significant adenylate cyclase activity remained in the supernatant fraction: the activity in the particulate fraction was 60 to 85% of that in the whole homogenate. However, the adenylate cyclase activities of the particulate, both basal and fluoride-stimulated. as well as the absolute increases in enzyme activity with fluoride, were more than four-fold higher in fetal than in adult preparations. The activities of the recombined 100.000 x g supernatant and particulate fractions for the adult and the 150-day series were higher than those of the original homogenate (Table I ). These differences could not be explained by differences in total volumes or in protein contents of the reconstituted homogenates. In the 80-day fetal series (fluoride present), the reconstituted homogenate was less active than the original homogenate. and the addition of an adult or 150-day fetal supernatant fraction (fluoride present) did not stimulate this 80-day fetal particulate (data not shown).
When the adenylate-cyclase activities were compared on the basis of the nitrogen content of the fraction analyzed rather than on the basis of the wet weight of the original samples, the differences in fetal compared to adult activity were greater because of the lower nitrogen content of fetal muscle (Table I) . Furthermore, since the nGrogen content of the 80-day fetal muscle was less than that of the 150-day series, the enzyme activities were higher in the younger fetal series (Table 1) (3). In the presence of fluoride. the percent increase in the particulate enzyme activity when the supernatant or 100 pM G T P was added was similar in the adult and fetal series (Fig. 1) . However, with GMP-P(NH)P, the percent increase was greater in the fetal preparation and was concentration-dependent in both series. In agreement with these results, Nambi and Drummond (27) have reported that GMP-P(NH)P activation of adenylate cyclase of rabbit muscle mem-CYCLIC NUCLEOTIDE LEVELS branek was concentration-ddpendeht. Because the basal (no fluoride) enzyme activity was more than 10-fold higher (in terms of Cyclic nucleotide concentrations were determined on the super-nitrogen) in the 80-day fetal than in the adult series (Table I) , the natant from frozen tissues homogenized in 6% trichloroacetic acid. absolute increases in enzyme activity with the addition of G T P or ' P value compared to homogenate < 0.01 (paired analyses).
' Numbers in parentheses, activity in the pellet i the activity in the homogenate x I , ' P value compared to homogenate < 0.02 (paired analyses).
9 value compared to homogenate < 0.05 (paired analyses). When t e activities were compared on the basis of nitrogen rather th h wet weight, as with the adenylate cyclase activities, the differkbces in fetal compared to adult activities were increased owing to ihe lower nitrogen concentration in the fetal series (Table  3 ). Both he absolute and percentage increases in activity of the fetal part culate enzyme with Triton were at least twice those of
GMP-P(NH)P
! the adultwhen the values were compared on the basis of wet wt or nitrogkb. Triton had no affect on the enzyme activity of the Fig. I . Effect of supernatant. GTP. and GMP-P(NH)P on the adenyl-100,000 * g supernatant fraction of either series. In two experik ate cyclase activity of the 100,000 x g particulate of skeletal muscle from ments at I 0-days gestation, the basal values for the supernatant three 80-day fetal and four adult rhesus monkeys (duplicate or triplicate and ~a r t i i h~a t e guanylate cyclases were about one-half those at 80 determinations: verlical 1ine.r represent I S.E.). The additions stimulated days (2.2!f 0.3 and 0.89 2 0.10 nmoles/l5 minemg N -I , respecactivity in all 10 series (P < 0.02). *, P values for the difference between tively).
I r fetal and adult sensitivity to GMP-P(NH)P < 0.02. supernatant were also greater in the fetal than in the adult particulate fractions As one would expect, the apparent V,,, values (with or without fluoride) for adenylate cyclase activity (homogenate and particulate) were greater in the fetal than in the adult series; fluoride increased the V,., values in all the series (Table 2 ). The addition of 8 mM fluoride to the homogenate did not change the apparent K, values, but decreased the particulate K, values in all three series. The K, values for the fetal series, with or without fluoride, were usually lower than those for the adult. I Table 2 . Kinetic values for aden~late c.vclase and guanylate cvclase enzymes of skeletal muscle from fetal and adull rhesus monkeys ' The apparent K,, and V,,,,, values were determined by the method of least squares. Duplicate determinations were done for at least five substrate levels of ATP (0.075 to 3 mM) and G T P (0.1 to 0.5 mM).
' K,,, for ATP.
,' nmoles/mg N . 10 min-I.
' Numbers in parentheses, numbers of monkeys.
' Km for GTP.
" nmoles/mg N . 15 min-'. ' Incubated for I hr plus I? Triton X-100 before assay. Table 3 . Guanylate cyclase activity in skeletal muscle of fetal and adult rhesu.r monker:~ ----. ------100,000 x g supernatant I 00.000 X g pellet --
-. ' Averages f S.E. of duplicate determinations.
to effector molecules and catecholamines (32). Basal activity is present on the day of birth; however, sensitivity to adenosine and norepinephrine could not be demonstrated until day 10. In rat heart. the epinephrine-guanyl nucleotide-adenylyl cyclase system appears to be "mature" as a functional unit just before birth (9). Severson et al. (36) have reported that catecholamines stimulate the plasmalemmal adenylate cyclase enzyme of adult skeletal muscle in a typical j3-adrenergic fashion. It is generally accepted that activation of j3-receptors usually results in an increase in the cAMP level via activation of adenylate cyclase (22). In rat skeletal muscle, Reddy et al. (33) have reported that although j3-adrenergic receptors are present before birth, functional coupling of j3-receptors and adenylate cyclase does not occur until after birth, when catecholamin& first increase adenylate cyclase activity. However. our laboratory has previously repqrted that with rhesus skeletal muscle fiber groups the increase in cAMP production in vitro in the presence of epinephrine was twice as great in the 100-day fetal compared to the adult series (6) . The basal adenylate cyclase activity of rapidly growing cardiac and skeletal muscle in perinatal rodents is usually less than that in adults. and this enzyme has been variably reported as both insensitive and sensitive to GMP-P(NH)P, fluoride, and catecholamines (8, 39, 42) . However, if one is primarily interested in the study of human fetal metabolism, rat skeletal muscle is a particularly unsuitable tissue to use. Rat muscle is very immature at birth, and embryonal features d o not disappear in rat muscle until the 10th to 14th postnatal day (12, 13, 20) . Muscle fibers in the myotube stage predominate in the muscle of neonatal rats (over 90%). and no differentiation into red and white fiber types can be demonstrated by histochemical techniques. Muscles from human beings and rhesus monkeys are well differentiated at birth into red and white fiber types (7) . Histochemically, skeletal muscle of the fetal rat at 90% of gestation resembles rhesus fetal muscle at about 30% of gestation. In both rhesus monkeys and man, differentiation has occurred by 70% to 75% of gestation and the pattern of fiber types. determined by histochemical methods, is similar to that of adult muscle (2. 12, 13, 20). It appears that differences in muscle metabolism between fetal primates and fetal rats may be explained on the basis of their stage of development. At present, we have no metabolic data on rhesus skeletal muscle at 55 days fetal age to compare with the data on the perinatal rat muscle.
The problems of studying fetal metabolism in human tissues are readily apparent. Hence. the advantage of using nonhuman primates. whose physiology and biochemistry are more closely related to those of man than those of rats, becomes obvious to those who are primarily interested in the study of human metabolism. A few workers (10. 1 I. 24. 30) have measured cardiac adenylate cyclase activity of human fetuses at term or before and have found that
the enzyme is sensitive to fluoride and catecholamines before birth. More work appears to have been done on cardiac than on skeletal muscle, although Menon et al. (24) have reported the presence of adenylate cyclase in skeletal muscle of three fetuses early in pregnancy. However, the developmental pattern for these two tissues is significantly different because the heart is a constantly active organ and starts work earlier. Furthermore, in vitro comparisons of enzyme activities and sensitivities of muscle from fetal. neonatal. and adult humans are rare. It is difficult to obtain human biopsies postnatally; when enzyme activities are measured in human fetal muscles, neonatal and adult values are usually not available. However, because fetal rhesus muscle fibers show a pattern of differentiation similar to that of adult muscle at about the same time (percent of gestation) as d o human muscle fibers, data on rhesus are reasonably applicable to man (2. 12, 38).
In our experiments with rhesus monkeys. the basal (unstimulated) adenylate and guanylate cyclase enzyme activities were higher in fetal than in adult muscle as early as midterm. In addition. the fetal enzymes were frequently more sensitive to stimulation (GTP, GMP-P(NH)P, fluoride. and Triton) than were the adult enzymes. We previously reported that CAMP-PDE and cGMP-PDE enzymes were more active in fetal than in adult ACTIVITIES 1109 rhesus muscle (5). None of these experiments differentiated between changes in the following variables: the number or affinity of receptors; the number of enzyme molecules; the amount of modulator(s): and an alteration in enzyme kinetics.
Because the levels of cAMP and cGMP are higher in fetal muscle (5). it is not surprising that adenylate and guanylate cyclase activities are also greater in fetal compared to adult muscle. However. the in vitro activities may not exactly duplicate the in vivo activities because the tissue levels of effector molecules are important in the regulation of enzyme activity, and fetal enzymes are often very sensitive to effector molecules. For example, phosphodiesterase from fetal rhesus muscle is more sensitive than is the adult enzyme to stimulation with cGMP (5).
Takahashi er al. (37) found a high level of cAMP and a low level of cGMP in rat muscle concurrent with the period of cell differentiation. In fetal rhesus muscle. we found no dramatic changes in cyclic nucleotide levels during the period when cells differentiate into red and white fiber types. from 85 to 110 days gestation. Instead, we found a gradual decrease in both nucleotides concomitant with a gradual increase in the cAMP/cGMP ratio; at midterm, the levels of both cyclic nucleotides were at least 10 times higher in fetal than in adult muscle. It seems that, although the activities of the cyclases forming and the phosphodiesterases degrading cyclic nucleotides are both greater in rapidly growing fetal than in adult muscle, the balance between the two processes favors synthesis to a greater degree in the fetal tissues. The data on nonhuman primates are particularly sparse, and right now, we can only conclude that cyclic nucleotides appear to play some role in the regulation of growth and differentiation in primate muscle.
